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ABSTRACT
We have identified seven ultraluminous X-ray sources (ULXs) which are coincident with
globular cluster candidates (GCs) associated with M87. ULXs in the old GC environment
represent a new population of ULXs, and ones likely to be black holes. In this study we perform
detailed X-ray spectroscopic followup to seven GC ULXs across a wealth of archival Chandra
observations and long time baseline of 16 years. This study brings the total known sample of
GC ULXs to 17. Two of these sources show variability in their X-ray luminosity of an order of
magnitude over many years, and one of these sources shows intra-observational variability on
the scale of hours. While the X-ray spectra of the majority of globular cluster ULXs are best fit
by single component models, one of the sources studied in this paper is the second GC ULX
to be best fit by a two component model. We compare this new sample of GC ULXs to the
previously studied sample, and compare the X-ray and optical properties counterparts across
the samples.We find that the clusters that host ULXs inM87 have metallicities from g− z=1.01
to g − z=1.70. The best-fit power-law indices of the X-ray spectra range from Γ=1.37-2.21,
and the best fit inner black-body disk temperatures range from kT=0.56-1.90 keV.
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1 INTRODUCTION
M87 is an elliptical galaxy in the Virgo group, and home to thou-
sands upon thousands of globular clusters (GCs) (Harris 2009).
While M87 is best known for hosting a super massive black hole
with high energy jets, the galaxy is filled with hot gas with ener-
gies up to 2.5keV (e.g. Fabricant et al. 1978). This hot gas makes
studying fainter source populations difficult, but the brightest X-ray
sources can be readily found and studied above the background from
the hot gas.
The brightest X-ray sources are known as ultraluminous X-ray
sources (ULXs) and are sources which typically exceed∼ 1039 erg/s
(i.e. above the Eddington limit for a 10 M black hole) (Fabbiano
& White 2006). These sources are thought to be a ∼ stellar mass
compact object plus a donor star accreting in a different regime of
physics than typical X-ray binaries.
Kajava & Poutanen (2009) show that there are likely to be at
least two classes of ULXs observed within the young star-forming
galaxies. One class is ULXs that are persistently below 3×1039 erg/s
? E-mail: kcdage@msu.edu
that show relatively hot thermal spectra where the source variations
are consistent with L ∝ T4. The other set of sources shows power
law dominated spectra, and a quasi-thermal soft excess (e.g.,Walton
et al. 2018).
Many ULXs have massive donor stars (e.g., Gladstone et al.
2013), and the majority of them have been found associated with the
star-forming regions of galaxies (e.g., Brightman et al. 2019, and
references therein). Of the ULXs identified in star-forming regions
of galaxies, six have had a neutron star (NS) identified as the primary
accretor in the system via detection of pulsations, and many more
systems like this are thought to also be powered by a NS (Song
et al. 2020; Jithesh et al. 2020), which is perhaps highly magnetized
and/or beamed (King 2008; Brightman et al. 2018). However, ten
sources with ultraluminous X-ray luminosities that were bright on
the scale of years have been found to be associated with globular
clusters (GCs) in nearby elliptical galaxies, (Maccarone et al. 2007;
Irwin et al. 2010; Shih et al. 2010; Maccarone et al. 2011; Roberts
et al. 2012; Dage et al. 2019a), as well as two GC sources which
flared to above 1039 erg/s on the timescale of minutes (Irwin et al.
2016). As old stellar populations, GCs are not home to the types
of massive donor stars typically associated with ULXs, and the
© 2020 The Authors
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ULXs associated with the two types of galaxies are likely distinct
populations (e.g. Irwin et al. 2003). At least one GC ULX is likely
to be a black hole (BH) accreting off of a white dwarf (see Zepf
et al. 2008; Steele et al. 2011; Peacock et al. 2012; Dage et al. 2019b
and references therein).
A systematic study of the known GC ULXs by Dage et al.
2019a revealed that sources were either best fit by a power-law
model, or by black-body disk model. The accretion disk models
fits fell into one of two groups: either the sources were better fit
by a higher disk temperature or had a lower disk temperature with
the spectral parameter constant while varying in luminosity. There
is a likely correlation between the disk temperature and whether
or not the source has optical emission, as the optical spectra of
the low temperature sources show forbidden optical emission lines
beyond the globular cluster continuum, and a number of the higher
temperature sources have no emission beyond the cluster continuum
(Dage et al. 2019a). However, this conclusion is tentative because
the number of GC ULXs is still small.
Understanding the number and nature of these rare sources
has implications not just for accretion physics, but for address-
ing the question of black holes in extragalactic globular clusters.
While black holes (or good black hole candidates) have begun to
be observed in Galactic globular clusters (see Strader et al. 2012;
Chomiuk et al. 2013; Miller-Jones et al. 2015; Giesers et al. 2018;
Shishkovsky et al. 2018; Giesers et al. 2019 for recent examples),
the methods used to detect quiescent BHs in Galactic GCs cannot
be used to search for BHs in extragalactic GCs. Thus, searching for
ULXs in extragalactic GCs is the best option for identifying BH
candidates in GCs outside our own Galaxy.
One very likely scenario to form at least some black hole-
black hole binaries (BBHs) are GCs (Abbott et al. 2016; Rodriguez
et al. 2019). Clusters represent an older population of stars, which
will have initially produced many BHs. Because of the dynamic
environment, the cross section for interaction is high and binaries
can form easily. Once formed, BHs may possibly drive the cluster
evolution (Giersz et al. 2019; Kremer et al. 2019). Observational
studies of BHs in GCs have a large impact both on understanding
cluster evolution, as well as giving clues to the conditions that BBHs
form in. ULX sources in GCs offer a complementary path to help
answer the question of numbers of BHs in GCs, as well as touch on
the question of the origins of the progenitors of LIGO sources.
In this body of work, we use Chandra observations of M87
and its surrounding regions to identify ultraluminous X-ray sources
coincident with GCs. The observations and analysis are laid out
in Section 2, major results are highlighted in Section 3, and the
implications of this work are discussed in Section 4.
2 OBSERVATIONS AND ANALYSIS
M87 has a wealth of archival data available, including 28 Chan-
dra ACIS observations with the duration of 15 ks or longer (see
Table 1). M87 is host to almost 15,000 globular clusters, and we
utilize the photometric globular cluster catalogs which have con-
servatively modeled and removed contaminant populations from
Oldham & Auger 2016 as well as catalogs of confirmed globular
clusters (Strader et al. 2011; Caldwell et al. 2014).
2.1 Identification of Globular Cluster ULXs
We reprocessed the Chandra data using ciao version 4.11 (Fr-
uscione et al. 2006) chandra_repro and CalDB version 4.10. We
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Figure 1. z versus g − z for M87 globular cluster photometric candidates
from Jordán et al. 2009; Oldham & Auger 2016, with color and magnitude
of GC candidates hosting ULXs plotted overtop.
filtered out any background flares.We used the Wavdetect function
within Ciao to identify X-ray point sources across the observations
using 0.5-7.0 keV images. We used an exposure map centered at 2.3
keV, and wavelet scales at 1.0, 2.0, 4.0, 8.0 and 16.0 pixels. Once the
images had been cleaned and filtered ,we ran wavdetect using an
enclosed count fraction (e.c.f.) of 0.3 1 and significance threshold
of 10−6 which corresponds to about one false detection per chip.
We then used the srcflux function to estimate unabsorbed X-ray
fluxes assuming a fixed Galactic line of sight NH of 2.54 ×1020
cm−2 (Dickey & Lockman 1990) and a fixed power-law index of
Γ = 1.7, which is the typical power-law index for X-ray binaries.
The X-ray luminosity of the sources was estimated using a
distance of 16.8Mpc (Macri et al. 1999), and selected sources which
reached an estimated X-ray luminosity of 7 × 1038 erg/s or above
(as using a fixed model tends to underestimate the flux slightly) at
one point during the observations. This allowed us to be sensitive
to transient ULX sources which may have only brightened once
during the sequence of observations, as well as persistent ones. We
used topcat (Taylor 2005) to match the globular cluster catalogs
(Jordán et al. 2009; Oldham & Auger 2016) to the ULX sources
with a 0.′′8 tolerance2. This provided us with a sample of seven
ULXs overlapping with globular cluster candidates (Table 2 and
Figure 1). Several of these sources were also identified in Jordán
et al. 2004; Luan et al. 2018. One of these sources is located in
the Virgo cold front (∼19′ from the galaxy center) and another is
located in a field ∼8′ from the galaxy center. The remaining five
sources are near the galaxy center. The closest source to the active
jet region is ∼ 6.′′8 away, and the farthest source ∼ 130′′ from the
centre (see Figure 2). A comparison of the host clusters colors and
z-magnitudes (de-reddened 3) to other clusters in M87 are plotted
in Figure 1.
2.2 X-ray Spectroscopy
Once the seven GC ULXs were identified, we extracted the source
spectra in every observation that had a point source associated with
the source’s position using ciaowith 1.2.′′circular source extraction
regions, with a series of similar sized region files placed around
1 We chose a low value because of the high background.
2 0.′′8 is the 90% uncertainty radius of Chandra’s absolute astrometry:
https://cxc.harvard.edu/cal/ASPECT/celmon/
3 https://irsa.ipac.caltech.edu/cgi-bin/bgTools/
nph-bgExec
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Table 1. Chandra observations of M87 with observations greater than 15 ks. All are ACIS-S with no grating unless indicated otherwise.
ObsID Date Exposure (ks) Sources in FOV ObsID Date Exposure (ks) Sources in FOV
241 (HETG) 2000-07-17 40.0 1 15180 (ACIS-I) 2013-08-01 140.0 SC302
352 2000-07-29 40.0 L18, J04, 1-4 16585 (ACIS-I) 2014-02-19 45.0 SC302
2707 2002-07-06 105.0 L18, J04, 1-4 16586 (ACIS-I) 2014-02-20 50.0 SC302
3717 2002-07-05 23.0 L18, J04, 1-3 16587 (ACIS-I) 2014-02-22 38.0 SC302
4007 2003-11-21 40.0 None 16590 (ACIS-I) 2014-02-27 38.0 SC302
5826 (ACIS-I) 2005-03-03 140.0 L18, J04, 1-4 16591 (ACIS-I) 2014-02-27 24.0 SC302
5827 (ACIS-I) 2005-05-05 160.0 L18, J04, 1-4 16592 (ACIS-I) 2014-03-01 36.0 SC302
5828 (ACIS-I) 2005-11-17 33.0 L18, J04, 1-4 16593 (ACIS-I) 2014-03-02 38.0 SC302
6186 (ACIS-I) 2005-01-31 48.0 L18, J04, 1-3 18781 2016-02-24 45.0 J04, 1-3
7210 (ACIS-I) 2005-11-16 32.0 L18, J04, 1, 3,4 18782 2016-02-26 37.0 J04, 1-3
7211 (ACIS-I) 2005-11-16 17.0 L18, J04, 1-3 18783 2016-04-20 40.0 J04, 2,3
11783 2010-04-13 30.0 L18 18836 2016-04-28 43.0 J04, 2,3
15178 (ACIS-I) 2014-02-17 47.0 SC302 18838 2016-05-28 62.0 J04, 2,3
15179 (ACIS-I) 2014-02-24 44.0 SC302 18856 2016-06-12 28.0 J04, 2,3
Table 2. RA and Dec of identified GC ULXs within M87’s system. Photometric values (de-reddened z-band magnitude and g-z color) from Jordán et al. 2009;
Oldham & Auger 2016, Strader et al in prep. Sources marked with ∗ are found in Strader et al in prep., o from Oldham & Auger 2016, and † were identified
in (Jordán et al. 2009). rh values are from Jordán et al. 2009 or measured from HST data using lshape. M87-GCULX1 was matched to two clusters and we
present values for both cluster parameters (Larsen 1999).
Name RA Dec z-band g-z rh LX
(AB mag) (AB mag) (pc) (×1039 erg/s)
CXOU J122959.82+123812.33 (SC302) ∗ 12:29:59.82 +12:38:12.33 19.76 1.01 - 1.65
CXOU J123054.97+122438.51 (L18-GCULX) † 12:30:54.97 +12:24:38.51 22.56 1.70 1.88 1.05
CXOU J123049.24+122334.52 (J04-GCULX) † 12:30:49.24 +12:23:34.52 21.66 1.08 2.20 0.80
CXOU J123047.12+122416.06 (M87-GCULX1) o † 12:30:47.12 +12:24:16.06 21.73/22.55 1.05/1.61 3.69/1.96 1.64
CXOU J123050.12+122301.14 (M87-GCULX2) o † 12:30:50.12 +12:23:01.14 20.47 1.29 1.82 1.01
CXOU J123049.97+122400.11 (M87-GCULX3) o † 12:30:49.97 +12:24:00.11 20.85 1.42 2.53 1.14
CXOU J123041.77+122440.16 (M87-GCULX4) o 12:30:41.77 +12:24:40.16 20.41 1.24 2.70 1.08
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Figure 2. Left - 0.5-7.0 keV band image of M87 (from ObsID 2707) and four of the ULXs identified and studied in this work. Right - X-ray 0.5-7.0 keV band
images of SC302 (ObsID 15180). This source is observed at high (> 4′) off-axis angles, thus shows non-circular point spread functions.
the source to extract background spectra, taking care to avoid any
neighbouring X-ray sources.
After extracting all spectra, we used combine_spectra to
combine the spectra, and binned by 20 using dmgroup to have
one deep spectrum for every source. Previous studies of GC
ULXs have established that they are fit well either by an absorbed
multi-colored disk (tbabs*diskbb in Xspec; e.g., Mitsuda et al.
1984) and/or an absorbed power-law (tbabs*pegpwrlw in Xspec;
e.g., Irwin et al. 2010; Shih et al. 2010; Maccarone et al. 2011;
Roberts et al. 2012), or an additive combination of the two mod-
els (tbabs*(diskbb+pegpwrlw) in Xspec; e.g., Maccarone et al.
2007). We used these models to fit the combined spectra of the
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sources in our sample of GC ULXs in M87 and used F-Test 4 to de-
termine if the two-component model was likely to be a better fit. Fit
results and statistics (for combined spectra) are presented in Table
3. We also considered effects of a secondary absorption column in
each source. However we found that in all cases this second column
is consistent with zero and thus used a single absorption column.
We also performed spectral analysis on the individual ob-
servations for each source, modeling extracted spectra with
tbabs*diskbb and tbabs*pegpwrlw. Any source spectrum with
≥ 100 counts was binned by 20 events per bin. For source spectra
with less than 100 counts, we binned them by 1 count per bin and
fit the same models using W-statistics (Cash 1979). J04-GCULX,
M87-GCULX2 and M87-GCULX3 were especially challenging to
fit in X-ray due to their proximity to the center of the jet, and the high
background. All individual spectra of M87GCULX3 were entirely
fit with W-statistics.
The results of our spectral analysis and the best-fit values for
each of the sources are presented in Tables 4-10.
Among the two sources farther away from the galaxy, SC302
was well monitored over a short period of time in the Virgo Cold
Front (ObsIDs 15178-16593).
M87-GCULX4 was not in any observation after ObsID 7210
because it was off the chip for the remainder of the observations. We
used pimms to estimate upper limits for M87-GCULX3 in ObsID
352, and for M87-GCULX2 in ObsID 18783, using the value of the
best fit power-law index from the longest observation. The upper
limit flux estimates based on the count rates are included in Table
11, as well as Tables 4-10.
2.3 X-Ray Variability
We searched for intra-observational variability by extracting back-
ground subtracted source lightcurves using ciao’sdmextract in the
longest observations of the sources (over 100ks per observation).
The majority of the sources revealed no clear intra-observational
variability. Two of these sources, J04-GCULX and M87-GCULX1
were also studied by Foster et al. 2013, and showed no periodic
variability on the scale of weeks to years.
The lightcurves of the majority of these sources also showed
no clear short-term changes on the scale of hours (these lightcurves
are plotted in Appendix A). The exception to this is SC302, which
showed strong intra-observational variability in some (but not all)
of the extracted light curves. We extracted the light curves from all
observations of this source (Figure 3).
We used FTOOLS lcstats5 to quantify the variability in each
of the observations, and found that the RMS fractional variation of
every observationwas a 3σ upper limit, with the exception of SC302
during four observations. These values are presented in Table 12.
3 RESULTS
Using the wealth of archival Chandra data available for M87 and its
outlying regions, we identified 7 ultraluminous X-ray sources which
are associated with M87’s globular clusters. Of these, one cluster
(SC302) is spectroscopically confirmed (matched to Strader et al
4 https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/
node83.html
5 https://heasarc.gsfc.nasa.gov/docs/xanadu/xronos/help/
lcstats.html
in prep, see also Caldwell et al. 2014) and the rest are photometric
GC candidates (matched to sources from catalogs from Jordán et al.
2004; Oldham & Auger 2016).
We extracted and fit the X-ray spectra of these sources across
∼ 16 years worth of extant data, using a single absorbed power-law
model and a single absorbed black-body disk model. We cannot
differentiate between the models for the sources over most of the
observations, as most of the sources had a similar χ2/d.o.f. to each
other for each model. SC302 and M87-GCULX1 were better fit by
an absorbed multi-colored disk and an absorbed power-law respec-
tively for some observations, and equally well in the rest.
3.1 Power-Law Model Fits
The best fit power-law indices of the sources in theM87 sample have
been plotted against their unabsorbed X-ray luminosities in Figure
4, along with the same values for the previously studied GC ULXs
in Dage et al. 2019a. To evaluate any potential correlations between
X-ray luminosity (in log scale) and power-law photon index or disk
blackbody inner temperature, we used Pearson’s r and Spearman’s
rank. We note that all data points have non-negligible uncertain-
ties. Thus, we used bootstrap sampling (random draws for each data
point based on the uncertainties) and calculated correlation coeffi-
cient for each randomized sample and evaluated the significance of
correlation for each source based on the final distribution of cor-
relation coefficients. We found that there is no statistical evidence
for clear correlation between the best-fit X-ray parameters and the
X-ray luminosity, except perhaps a ∼ 1σ suggestion of correlation
in M87-GCULX3. These sources seem to show a similar clustering
to the previously studied sources, except for GCU8 in NGC 1399,
which appears to be much brighter and harder than the rest of the
sample. J04-GCULX shows an interestingly wide range of best fit
power-law indices.
3.2 Blackbody Disk Model Fits
In Figure 5, we plot the best fit inner disk temperature (kTin) for
each observation versus the corresponding X-ray luminosity, with
the same values for the larger GC ULX population plotted in the
background for comparison. None of the M87 GC ULX sources
appear to behave like GCU7 in NGC 1399 or RZ2109 in NGC 4472,
which have very self-consistent values kTin and a wide range of
luminosities, which highlights how rare these two sources are.
3.3 Short and Long Term-X-Ray Variability of Sources
Lightcurves from this study, as well as the sources in Dage et al.
2019a suggest that GC ULXs do not typically vary within an obser-
vation. RZ2109 (Maccarone et al. 2007), the GCULX in NGC 1399
which faded below the detection limit of any subsequent observa-
tions after 2003 (Shih et al. 2010), and now SC302 seem to be the
exceptions to this rule with their strong intra-observational variabil-
ity.
Figure 6 shows the best fit unabsorbed X-ray luminosity val-
ues for each source versus the MJD of the observation, along with
upper limits. SC302 does not appear to vary greatly in LX across
observations, which is interesting because the source appears to
vary within a factor of two during some observations. SC302’s
long-term variability was only probed over the course of around a
year, and further monitoring could reveal interesting long-term vari-
ability. It is of note that none of these sources rose above 4×1039
MNRAS 000, 1–14 (2020)
Globular Cluster ULXs in M87 5
Table 3. Single component model fits to the stacked spectra of M87’s GC ULXs, with the F-Test comparison to the two component models for the best
single-component model tabulated below (lower F-test probability indicates a higher likelihood that adding a second component improves the fit). ΓPL represent
power-law photon index, kTin is the inner disk temperature in the disk blackbody model, χ2ν indicates reduced χ2, and d.o.f. stands for degrees of freedom in
the fit.
power-law diskbb
Source ΓPL χ2ν /d.o.f. F-Test prob. (%) kTin (keV) χ2ν /d.o.f. F-Test prob. (%)
SC302 2.07 (± 0.05) 2.00/110 – 0.92 (± 0.04) 0.98/110 0.8
L18-GCULX 2.03 (± 0.11) 1.11/96 – 0.81 (±0.09) 1.03/96 1.5
J04-GCULX 2.21 (± 0.09) 1.06/147 1.4 0.74 (± 0.07) 1.26/147 –
M87-GCULX1 2.17 (± 0.05) 1.35/120  0.01 0.67 (± 0.04) 1.39/120 –
M87-GCULX2 1.52 (± 0.11) 1.00/106 – 1.44 (± 0.21) 0.95/106 20.6
M87-GCULX3 1.36 (± 0.09) 0.91/117 7.7 1.90 (± 0.28) 0.94/117 –
M87-GCULX4 1.37 (±0.15) 1.02/44 23.8 1.86 (+0.56−0.38) 1.36/44 –
Table 4. Chandra Fit Parameters and Fluxes (0.5-8 keV) for spectral best fit single-component models, tbabs*pegpwrlw andtbabs*diskbb for SC302.
Hydrogen column density (NH ) frozen to 2.54 ×1020cm−2. All fluxes shown are unabsorbed in the 0.5-8keV band.
SC302
tbabs*pegpwrlw tbabs*diskbb
ObsID (Date) Γ χ2ν /d.o.f. PL Flux Tin Disk Norm χ2ν /d.o.f. Disk Flux
(10−14 erg s−1 cm−2) (keV) (10−3) (10−14 erg s−1 cm−2)
15178 (2014-02-17) 2.1 (±0.3) 1.32/7 6.6 (± 0.9) 0.9 (+0.2−0.1) 4.5 (+4.7−2.3 1.19/7 5.0 (±0.7)
15179 (2014-02-24) 2.1 (± 0.3) 2.25/9 9.1 (±1.1) 0.8 (±0.1) 8.7(+6.9−3.9 1.35/9 7.0 (±0.7)
15180 (2013-08-01) 2.0 (±0.1) 1.57/53 11.3 (±0.1) 1.0(±0.1) 4.9 (±1.1) 0.83/53 9.9 (±0.6)
16585 (2014-02-19) 2.1 (±0.3) 1.19/6 6.8 (±1.0) 0.8 (±0.2) 8.3 (+8.9−6.5 0.29/6 4.9(±0.7))
16586 (2014-02-20) 1.9 (±0.5) 0.57/6 7.4 (±1.5) 0.8 (+0.3−0.2) ≤6.8 0.73/6 4.9 (+1.1−8.0)
16587 (2014-02-22) 2.1 (±0.4) 1.64/6 7.3 (± 1.1) 0.9 (+0.3−0.2) 4.5 (+6.5−2.7) 1.92/6 5.4 (±0.9)
16590 (2014-02-27) 1.9 (±0.3) 1.23/5 6.6 (±1.0) 1.0 (+0.3−0.2) 2.4 (+3.2−1.5) 1.10/5 5.1 (±0.9)
16591 (2014-02-27) 2.1 (± 0.9) 0.22/2 8.4 (+3.9−1.7) 0.7 (+0.8−.25) ≤ 11.9 0.55/2 5.5 (+2.9−1.1)
16592 (2014-03-01) 1.7 (±0.5) 0.42/4 7.9 (+2.0−1.5) 1.0 (+0.5−0.3) ≤2.6 0.23/4 5.5 (+1.6−1.1)
16593 (2014-03-02) 1.9 (+0.5−0.4) 0.63/4 6.6 (
+1.4
−1.1) 1.0 (
+0.4
−0.3) ≤2.9 1.03/4 4.7 (+1.2−0.5)
Table 5.Chandra Fit Parameters and Fluxes (0.5-8 keV) for spectral best fit single-component models, tbabs*pegpwrlw andtbabs*diskbb for L18-GCULX.
Hydrogen column density (NH ) frozen to 2.54 ×1020cm−2. Lower count observations fit with W-stat have their statistics presented in parentheses. All fluxes
shown are unabsorbed. Values marked with † are upper-limits based on the count rate of a non-detection (see Table 11), values marked with - were detections
but could not be fit with the diskbb model.
L18-GCULX
tbabs*pegpwrlw tbabs*diskbb
ObsID (Date) Γ χ2ν /d.o.f. PL Flux Tin Disk Norm χ2ν /d.o.f. Disk Flux
or (W-stat) (10−14 erg s−1 cm−2) (keV) (10−3) or (W-stat) (10−14 erg s−1 cm−2)
352 (2000-07-29)† † ≤2.1 † † † † †
2707 (2002-07-06) 2.79 (+1.6−1.0) 1.4
+0.9
−0.6 (148.79/172) 0.7
+0.6
−0.4 ≤1.8 (149.62/172) 0.9+0.4−0.4
3717 (2002-07-05) † † ≤2.0 † † † † †
5826 (2005-03-03) 1.7 (±0.3) 1.09/22 5.5 (±1.1) 1.1 +0.4−0.3 1.5 (+2.3−1.0) 1.03/33 2.3 (±1.0)
5827 (2005-05-05) 2.5 (±0.3) 1.29/33 2.2 (±0.3) 0.5 +0.2−0.1 20.1 (+46.0−14.5) 1.52/33 1.6 (±0.3)
5828 (2005-11-17) 2.0 (+0.6−0.5) (82.55/90) 6.7(±0.8) 0.6 (+0.6−0.2) ≤ 5.3 (83.00/90) 1.6 (+0.8−0.6)
6186 (2005-01-31) 2.1 (±0.2) 1.61/16 1.7 (±0.9) 0.8 (±0.1) 7.7 (+7.0−3.6) 1.48/16 5.1 (±0.7)
7210 (2005-11-16) 2.5 (+1.1−0.9) 0.26/4 3.0 (
+0.4
−0.2) 0.5 (
+0.4
−0.2) ≤16.7 0.25/4 2.0 (±0.6)
7211 (2005-11-16) 2.1 (±0.4) (56.59/56) 5.0(+1.3−1.1) 0.8 (+0.3−0.2) 5.1 (+8.63.4 ) (52.40/56) 4.0 (+1.0−0.8)
11783 (2010-04-13) † † † ≤1.0 † † † †
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Table 6. Chandra Fit Parameters and Fluxes (0.5-8 keV) for spectral best fit single-component models, tbabs*pegpwrlw andtbabs*diskbb for J04-GCULX.
Hydrogen column density (NH ) frozen to 2.54 ×1020cm−2. Lower count observations fit with W-stat have their statistics presented in parentheses. All fluxes
shown are unabsorbed. Values marked with † are upper-limits based on the count rate of a non-detection (see Table 11), values marked with - were detections
but could not be fit with the diskbb model.
J04-GCULX
tbabs*pegpwrlw tbabs*diskbb
ObsID (Date) Γ χ2ν /d.o.f. PL Flux Tin Disk Norm χ2ν /d.o.f. Disk Flux
or (W-stat) (10−14 erg s−1 cm−2) (keV) (10−3) or (W-stat) (10−14 erg s−1 cm−2)
352 (2000-07-29) 2.4 (±0.4) 1.23/28 3.4 (±0.9) 0.4 (±0.1) 109.0 (+163.4−69.4 ) 1.26/28 2.5 (±0.05)
2707 (2002-07-06) 2.1 (±0.2) 1.09/59 2.7 (±0.5) 0.6 (±0.1) 10.1 (±1.1) 0.89/59 2.2 (±0.4)
3717 (2002-07-05) 1.5 (±0.7) 0.42/14 6.2 (+3.8−2.3) 1.1 (+2.8−0.5) ≤1.5 0.51/14 4.3 (+6.2−1.6)
5826 (2005-03-03) 1.0 (±0.3) 2.46/45 3.6 (±0.7) 2.1 (+1.8−0.6) ≤0.2 2.34/45 3.2(±0.7)
5827 (2005-05-05) 2.3 (±0.2) 0.80/60 3.6(±0.5) 0.8±0.2) 4.8 (+5.8−2.6) 0.86/60 2.8 (±0.4)
5828 (2005-11-17) 2.3 (+1.9−1.6) 0.64/10 2.3
+1.6
−1.0 1.2 (
+1.2
−0.4) ≤ 4.7 (126.98/122) 2.9 (+1.0−0.9)
6186 (2005-01-31) † † ≤ 3.2 † † † †
7210 (2005-11-16) 3.0 (+1.0−0.8) 0.183/8 3.7 (
+1.4
−1.2) 0.5 ≤38.9 0.37/8 2.5 (±0.8)
7211 (2005-11-16) 1.5 (±0.9) (81.81/70) 3.8(+2.3−1.6) - - - -
18781 (2016-02-24) 2.7 (±0.8) 1.12/19 3.6 (±1.0) 0.7 (+0.6−0.4) ≤7.0 1.42/19 2.4 (±0.8)
18782 (2016-02-26) 2.8 (±0.8) 1.49/12 2.9 (±1.0) 0.5 (0.3−0.2) ≤ 22.4 2.0 (±0.7)
18783 (2016-04-20) 1.6 (+1.1−1.6) (106.96/111) 2.2 (
+1.4
−0.9) - - - -
18836 (2016-04-28) 2.4 (+0.8−0.9) 1.34/12 3.4 (±1.0) 0.5 (1.2−0.3) ≤15.3 1.63/12 2.2(±0.7)
18838 (2016-05-28) 2.9 (±0.7) 0.64/21 2.3 (±0.7) 0.4 (+0.20.1 ) ≤ 96.7 0.61/21 1.8 (±0.6)
18856 (2016-06-12) 1.9 (+1.0−2.1) (104.28/106) 2.1 (±1.2) - - - -
Table 7. Chandra Fit Parameters and Fluxes (0.5-8 keV) for spectral best fit single-component models, tbabs*pegpwrlw andtbabs*diskbb for M87-
GCULX1. Hydrogen column density (NH ) frozen to 2.54 ×1020cm−2. Lower count observations fit with W-stat have their statistics presented in parentheses.
All fluxes shown are unabsorbed. Values marked with - were detections but could not be fit with the diskbb model.
M87-GCULX1
tbabs*pegpwrlw tbabs*diskbb
ObsID (Date) Γ χ2ν /d.o.f. PL Flux Tin Disk Norm χ2ν /d.o.f. Disk Flux
or (W-stat) (10−14 erg s−1 cm−2) (keV) (10−3) or (W-stat) (10−14 erg s−1 cm−2)
241 (2000-07-17) 3.0 (+0.9−0.7) (21.40/27) 4.2 (
+1.6
−1.3) 0.4(
+0.2
−0.1) 101.0 (
+656.1
−110.4) (23.44/27) 3.4 (
+1.3
−1.1)
352 (2000-07-29) 1.8 (±0.1) 1.74/22 7.5(±1.1) 0.6 (±0.1) 20.9 (+12.1−7.8 ) 0.90/22 5.0 (±0.6)
2707 (2002-07-06) 2.1 (±0.1) 2.42/43 4.9 (±0.4) 0.6 (±0.1) 19.7 (+10.3−6.6 ) 3.10/43 3.8(±0.3)
3717 (2002-07-05) 1.9 (± 0.3) 0.69/8 5.7 (+1.3−1.1) 0.7 (+0.2−0.1 11.3(±89.0) 0.76/8 4.0 (± 0.8)
5826 (2005-03-03) 2.2 (±0.3) 1.51/11 4.5 (±0.6) 0.7 (±0.2) 7.4(+11.6−4.4 ) 2.06/11 3.3 (±0.5)
5827 (2005-05-05) 1.9 (±0.1) 1.40/32 4.5(±0.4) 0.9 (±0.1) 3.2 (±1.8) 1.57/32 3.9(±0.4)
5828 (2005-11-17) 2.7 (+0.8−0.6) 0.85/8 5.0 (±0.9) 0.4 (+0.3−0.1) ≤54.3 3.32/8 2.8 (±0.6)
6186 (2005-01-31 ) 2.1 (±0.2) 1.33/12 4.0 (±0.8) 0.8 (±0.2) 6.1 (+6.9−3.1) 1.36/12 4.5(±0.6)
7210 (2005-11-16 ) 2.3 (±0.7) 2.32/6 5.8 (+1.5−1.1) 0.6 (+0.3−0.2) ≤13.8 3.50/6 3.6 (+0.9−7.2)
7211 (2005-11-16 ) 2.3 (±0.4) (30.99/63) 5.3(±1.1) 0.8 (±0.3) 6.0 (±4.3) (39.82/63) 3.6 (±1.0)
18781 (2016-02-24) 2.6 (±0.3) 2.09/12 4.4 (±0.8) 0.5 (±0.1) 35.4 (+46.7−20.0) 2.08/12 4.2 (±0.6)
18782 (2016-02-26) 2.4 (±0.3) 1.13/9 4.7 (±0.9) 0.6 (±0.1) 19.7 (+32.8−21.1) 1.67/9 4.2 (±0.6)
erg/s. J04-GCULX shows some evidence of variability, as it was ob-
served bright in all observations except for being an upper limit/non-
detection inObsID 6186 (2005-01-31).M87-GCULX3was initially
observed as an upper limit with a luminosity below 2×1038 erg/s in
ObsID 352 (2000-07-29), and brightening in subsequent observa-
tions. M87-GCULX2 is observed bright until ObsID 18782 (2016-
02-26) and fades in ObsID 18783 (2016-04-20), but rebrightens for
ObsIDs 18836-18856 (2016-04-28, 2016-05-28, 2016-06-12).
3.4 Comparison of X-ray and Optical Parameters
We use the K-S test 6 to compare magnitudes to the greater cluster
population (as identified by (Jordán et al. 2009) ). The K-S statistic
probability is 0.57 (p value=0.006), which implies that the magni-
tudes of the host cluster population and the overall cluster population
are very different. The Anderson-Darling test statistic is 7.00 (sig-
nificance level=0.001), which is in agreement with the result of the
K-S test. Therefore, the presences of ULXs in the clusters are not
6 https://docs.scipy.org/doc/scipy-0.14.0/reference/
generated/scipy.stats.ks_2samp.html
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Table 8. Chandra Fit Parameters and Fluxes (0.5-8 keV) for spectral best fit single-component models, tbabs*pegpwrlw andtbabs*diskbb for M87-
GCULX2. Hydrogen column density (NH ) frozen to 2.54 ×1020cm−2. Lower count observations fit with W-stat have their statistics presented in parentheses.
All fluxes shown are unabsorbed.Values marked with † are upper-limits based on the count rate of a non-detection (see Table 11), values marked with - were
detections but could not be fit with the diskbb model.
M87-GCULX2
tbabs*pegpwrlw tbabs*diskbb
ObsID (Date) Γ χ2ν /d.o.f. PL Flux Tin Disk Norm χ2ν /d.o.f. Disk Flux
or (W-stat) (10−14 erg s−1 cm−2) (keV) (10−3) or (W-stat) (10−14 erg s−1 cm−2)
352 (2000-07-29) 1.7 (+0.8−0.7) 0.90/8 1.2 (±0.6) 1.0 (+2.0−0.6) ≤0.5 0.98/8 1.0 (±0.6)
2707 (2002-07-06) 1.6 (±0.4) 1.07/23 1.6 (±0.5) 1.0 (+0.7−0.4) ≤0.5 1.11/23 1.1(±0.4)
3717 (2002-07-05) 2.1 (+1.9−1.1) 2.29/4 1.5 (
+1.2
−0.8) - - - -
5826 (2005-03-03) 1.6 (±0.4) 1.37/21 2.1 (±0.5) 1.5 (+1.1−0.5) ≤0.2 1.57/21 1.8(±)0.4
5827 (2005-05-05) 1.3 (±0.2) 1.12/30 3.1 (±0.5) 1.4 (+0.5−0.3) 0.3(±0.2) 0.94/30 2.5 (±0.5)
5828 (2005-11-17) 0.9(+0.6−0.8) (58.75/80) 2.2(
+1.0
−0.8) - - - -
6186 (2005-01-31 ) 1.6 (±0.6) 0.24/8 2.4(±0.7) 1.6(+1.7−0.6) ≤0.2 0.28/8 2.1(±0.7)
18781 (2016-02-24) 0.9 (+0.6−0.8) (83.23/104) 2.6(
+1.5
−1.8) - - - -
18782 (2016-02-26) 1.2 (±0.6) (81.61/96) 3.3 (+1.4−1.0) - - - -
18783 (2016-04-20) † † ≤ 2.1 † † † †
18836 (2016-04-28) 1.9 (±0.7) (69.16/65) 3.1(±1.1) 1.5(+3.3−0.7) ≤0.3 (72.76/65) 1.5(+0.8−0.6)
18838 (2016-05-28) 1.1(±1.0) (55.78/77) 1.9(+1.2−0.9) - - - -
18856 (2016-06-12) 1.9(±0.7) (54.44/77) 2.1(+1.0−0.8) 1.1(+1.8−0.5) ≤0.7 (55.78/77) 1.8+1.0−0.7)
Table 9. Chandra Fit Parameters and Fluxes (0.5-8 keV) for spectral best fit single-component models, tbabs*pegpwrlw andtbabs*diskbb for M87-
GCULX3. Hydrogen column density (NH ) frozen to 2.54 ×1020cm−2. Lower count observations fit with W-stat have their statistics presented in parentheses.
All fluxes shown are unabsorbed.Values marked with † are upper-limits based on the count rate of a non-detection (see Table 11), values marked with - were
detections but could not be fit with the diskbb model.
M87-GCULX3
tbabs*pegpwrlw tbabs*diskbb
ObsID (Date) Γ χ2ν /d.o.f. PL Flux Tin Disk Norm χ2ν /d.o.f. Disk Flux
or (W-stat) (10−14 erg s−1 cm−2) (keV) (10−3) or (W-stat) (10−14 erg s−1 cm−2)
352 (2000-07-29) † † ≤3.7 † † † †
2707 (2002-07-06) 1.1 (±0.4) (156.64/173) 1.9(±0.5) - - - -
3717 (2002-07-05) 1.9 (+1.0−0.9) (49.64/69) 1.2(
+1.1
−0.7) 0.6(
+1.0
−0.3) ≤ 3.9 (48.73/69) 0.8(+0.7−0.4)
5826 (2005-03-03) 1.6(±0.2) (191.14/203 3.4(±0.5) - - - -
5827 (2005-05-05) 1.3(±0.2) (183.55/243) 4.4(±0.5) 2.1(+0.7−0.4) 0.1(±0.1) (187.27/243) 4.1(±0.5)
5828 (2005-11-17) 1.7(±0.4) (77.52/97) 3.8(+1.0−0.9) 1.3(+0.5−0.3) ≤0.7 (76.02/97 3.3(±0.9)
6186 (2005-01-31 ) 1.3(±0.4) (126/17/146) 4.0(±1.0) - - - -
7210 (2005-11-16 ) 1.8(±0.5) (78.90/92) 3.0(+1.0−0.8) - - - -
7211 (2005-11-16 ) 1.4(±0.5) (47.41/76) 5.4(+2.0−1.5) 1.8(+2.8−0.6) ≤0.3 (49.22/76) 5.0(+2.1−1.5)
18781 (2016-02-24) 2.0(±0.7) (71.05/84) 1.9(±0.8) 0.9 (+0.9−0.3) ≤1.2 (72.95/84) 1.5(+0.7−0.5)
18782 (2016-02-26) 1.4(±0.7) (74.25/76) 1.8(+0.8−0.6) - - - -
18836 (2016-04-28) 1.2 (+0.6−0.7) (80.19/72) 2.0(
+0.9
0.7 ) - - - -
18838 (2016-05-28) 1.3(±0.6) (80.04/93) 2.4(+0.9−0.7) - - - -
18856 (2016-06-12) 1.2 (+0.6−0.8) (51.41/62) 2.0(
+0.8
−0.6) - - - -
evenly distributed across different cluster parameters, but tend to
reside in the most luminous (and also the more massive) clusters.
A K-S test of the metallicity of the ULX hosting clusters com-
pared to the clusters identified in (Jordán et al. 2009) gave a proba-
bility of 0.38 (p value=0.15). The Anderson-Darling test statistic is
0.68, with a significance level equal to 0.17. These numbers indi-
cate that one cannot meaningfully separate the ULX hosting clusters
from the rest of the sample based on their color. Previous work by
Kundu et al. 2002; Sarazin et al. 2003 have indicated that metal
rich globular clusters are three times as likely to host low mass
X-ray binaries. Many subsequent analyses have firmly established
this correlation for X-ray binaries in GCs. But this data set strongly
suggests that the affinity for metal rich GCs does not extend to the
most luminous subset of XRBs which make up the ULX popula-
tion. This tentative disagreement may be due to the physics behind
the formation and evolution of ULX systems in globular clusters
compared to the less luminous X-ray binaries, although it is worth
noting that the majority of these clusters are not spectroscopically
confirmed, and that SC302 is also in the mass range of a stripped
nucleus (see Section 3.5).
Figure 7 shows the best fit X-ray parameters for both models
plotted against the absolute z magnitude and color (g − z) of the
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Table 10. Chandra Fit Parameters and Fluxes (0.5-8 keV) for spectral best fit single-component models, tbabs*pegpwrlw andtbabs*diskbb for M87-
GCULX4. Hydrogen column density (NH ) frozen to 2.54 ×1020cm−2. Lower count observations fit with W-stat have their statistics presented in parentheses.
All fluxes shown are unabsorbed.Values marked with - were detections but could not be fit with the diskbb model.
M87-GCULX4
tbabs*pegpwrlw tbabs*diskbb
ObsID (Date) Γ χ2ν /d.o.f. PL Flux Tin Disk Norm χ2ν /d.o.f. Disk Flux
or (W-stat) (10−14 erg s−1 cm−2) (keV) (10−3) or (W-stat) (10−14 erg s−1 cm−2)
352 (2000-07-29) 1.1 (±0.41) (46.37/71) 2.5 (+1.1−0.8) - - - -
2707 (2002-07-06) 1.3(±0.3) 1.13/18 2.1(±0.6) 1.5(+1.2−0.5) ≤0.2 1.22/18 1.6(±0.6)
5826 (2005-03-03) 1.6(±0.5) 1.07/7 1.3(±0.3) 1.7(+1.7−0.6) ≤0.1 1.57/7 1.2(±0.4)
5827 (2005-05-05) 1.2(±0.4) 0.69/7 1.7(±0.5) 2.1(+4.6−0.8) ≤ 0.1 0.72/7 1.5(±0.6)
5828 (2005-11-17) 2.1(+0.7−0.6) (41.79/43) 1.7(
+0.6
−0.5) 1.0(
+0.7
−0.4) ≤ 0.8 (43.85/43) 1.3(+0.60.4 )
7210 (2005-11-16 ) 2.0 (+0.7−0.6) (33.68/31) 1.5(
+0.7
−0.5) 1.0(
+0.9
0.4 ) ≤0.7 (35.77/31) 1.3(+0.6−0.5)
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Figure 3. Background-subtracted light curves from SC302 across all observations, binned by 5ks in the 0.3-10 keV band. The source shows significant
variability in two of the observations, and is one of the few GCULXs to do so.
Source ObsID Count Rate Flux Upper Limits
(ct/s) erg s−1cm−2
L18-GCULX 352 4.1×10−3 2.09×10−14
M87-GCULX3 352 4.7×10−3 3.71×10−14
L18-GCULX 3717 3.9×10−3 1.99×10−14
J04-GCULX 6186 5.11×10−3 3.23×10−14
L18-GCULX 11783 1.6×10−3 1.06×10−14
M87-GCULX2 18783 1.8×10−3 2.14×10−14
Table 11. Background subtracted upper limit count rates and upper flux
limit estimates for GCULXs in the 0.5-8keV band.
source’s cluster companions. The color distribution of the M87
cluster hosts is more concentrated, and neither very red, nor very
Table 12. RMS values for individual observations of SC302.
ObsID RMS
15179 0.32 (± 0.11)
15180 0.24 (± 0.08)
16590 0.37 (± 0.13)
16591 0.39 (± 0.16)
blue, but previous ULX hosting clusters have been observed to be
both extremely red and extremely blue. This suggests that the M87
sources are more typical hosts of GC ULXs, with RZ2109, GCU7
and GCU8 being the outliers in this strange population of bright
X-ray sources.
A study of M31’s globular clusters by Trudolyubov & Pried-
horsky 2004 show that the most luminous X-ray sources (∼ 1038
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Figure 4. LX versus Γ for M87’s newly discovered GC ULX population compared to fit parameters for other known GC ULXs (Dage et al. 2019a).
erg/s ) are associated with the most metal poor clusters. However,
this does not seem to be true for M87’s ultraluminous population,
as the clusters values for (g-z) all ranged above 1.0–although other
GCULXs such as RZ2109 have (g-z) values below 1.0. Kundu et al.
2007 suggest that for most GCs with a high LX , that luminosity is
coming in majority from only one low mass X-ray binary (LMXB)
source, and that the only clusters that are likely to host many bright
LMXB sources are the very metal rich clusters, which M87’s ULX
population also does not fall into.
3.5 Summary of Sources
In the following subsections we present a summary and discussion
of the seven sources analysed in this paper.
3.5.1 CXOUJ122959.82123812.33 (SC302)
SC302 is in theVirgoCold Front, and 19’ fromM87’s galaxy centre.
It is the only spectroscopically confirmed GC in this sample of GC
hosts, with z=19.76 and (g-z)=1.01. However, the cluster mass is
3.33×106 M , which is in the range of either a GC or stripped
nucleus. This source is the brightest optical cluster in this sample,
and also the most metal poor (although it is not as metal poor as
some of the other known GCULXs such as RZ2109). The source’s
best-fit power-law index based on the stacked spectra is Γ=2.07 and
the diskbb kT= 0.92 keV. χ2 statistics of the deep spectrum suggest
that this source is better fit by the diskbb model.
While there are many observations of this source, they have
been taken over approximately one year in span, so we do not have
a good idea of the long-term variability of this source; however,
it shows curious short-term variability on the scale of hours from
its extracted lightcurves. It varies both in LX and in its spectral
parameter in a similar fashion to GCU1 in NGC 4472 (Maccarone
et al. 2011; Dage et al. 2019a). It is also the brightest X-ray source
in this sample, with its peak X-ray luminosity reaching close to
4 × 1039 erg/s.
3.5.2 CXOUJ123054.97+122438.51 (L18-GCULX)
L18-GCULX’s host cluster is both the faintest cluster and most
metal rich in the sample, with z=22.58, (g − z)=1.70, and cluster
mass 2.53×105 M . Γ=2.03 (±0.11) and kT= 0.81 (±0.09) keV.
This source shows a strong variation in LX over the course of many
observations, but little variability within an observation.
3.5.3 CXOUJ123049.24+122334.52 (J04-GCULX)
J04-GCULX is the closest source to the galaxy centre, and the GC
has z=21.68 and (g-z)=1.08, with the cluster mass 5.70×105 M .
Overall, the source has a softer power-law index. The best-fit spectral
parameters of the stacked spectrum are Γ= 2.21 (± 0.09) and kT=
0.74 (± 0.07) keV. The fit statistics of the stacked spectrum do not
delineate between either model. Note that the high background near
the galaxy center affected background subtraction of the source’s
spectrum, specifically with the lower counts.
Long-term, the source appears to varymoderately near 1×1039
erg/s, with some brighter and fainter excursions over the full dataset.
However, within an observation, shows no clear variability (Foster
et al. 2013), see Appendix A.
3.5.4 CXOUJ123047.12+122416.06 (M87-GCULX1)
M87-GCULXwasmatched to two possible host clusters which have
z=21.93 (cluster mass = 5.04×105 M) or 22.55 (estimated clus-
ter mass=2.60×105 M) and (g-z)=1.05 or 1.61. Its stacked X-ray
spectrum appears to be better fit by tbabs*(diskbb+pegpwrlw),
MNRAS 000, 1–14 (2020)
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Figure 5. LX versus Tin for M87’s newly discovered GC ULX population compared to fit parameters for other known GC ULXs (Dage et al. 2019a).
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Figure 6. LX versus MJD for M87’s newly discovered GC ULX population, with LX calculations based off of best fit pegpwrlw fluxes (left) and best fit
diskbb fluxes (right).
with kT∼0.56 keV and Γ ∼1.95. However, we were unable to fit
the individual observations with the two component model without
either of the components having large uncertainties consistent with
zero.
Long-term, over the course of the observations, its average
X-ray luminosity tends to vary between 1-3×1039 erg/s. Within an
observation, similar to J04-GCULX, it also shows no clear vari-
ability within the observations (Foster et al. 2013), see Appendix
A.
3.5.5 CXOUJ123050.12+122301.14 (M87-GCULX2)
The properties of the host cluster of M87-GCULX2 are z=20.49,
(g-z)=1.29, and an estimated cluster mass of 1.73 ×106 M . There
was no clear delineation between models for this source. The best-
fit parameters of the stacked spectrum are Γ = 1.52(± 0.11) and
kT = 1.44 (± 0.21).The fit statistics of the stacked spectrum do not
delineate between either model. Note that the high background near
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Figure 7. Color and magnitude versus best fit power-law index (left) and kT (right) for M87 GC ULXs compared to previous GC ULXs Dage et al. 2019a.
the galaxy center affected background subtraction of the source’s
spectrum, specifically with the lower counts.
This source shows interesting variability. It is one of the fainter
ultraluminous X-ray sources, only reaching about 1039 erg/s in a few
observations. It also shows variability on timescales of∼ days; it was
observed near 1039 erg/s on 2016-02-26, but was a non-detection on
2016-04-20, but 8 days later in the next observation, it reached 1039
erg/s again, and remained bright in the following observations. It is
quite likely that the source shows high amplitude variability, which
could be confirmed by a monitoring campaign on this region.
3.5.6 CXOUJ123049.97+122400.11 (M87-GCULX3)
M87-GCULX3’s cluster has optical properties of z=20.87 and (g-
z)=1.42. The estimated cluster mass is 1.22 ×106 M .The X-ray
spectrum of this source needed to be binned by 1 and fit with W-
statistics in all observations, and is one of the faintest X-ray sources
in this sample, only reaching about 1039 erg/s in one observation
when fit with tbabs*pegpwrlw, so the source is not even securely
classified as ultraluminous. Its best fit spectral parameters based
on the stacked spectrum are Γ=1.36 (± 0.09) and kT= 1.90 (±
0.28)keV. The source shows no clear short term variability, but
these fits are not well constrained in the individual observations
due to the faintness of the source. The fit statistics of the stacked
spectrum do not delineate between either model.
Unlike the rest of the sources in this sample, M87-GCULX3
was below 1039 erg/s in almost all of the observations. It likely
has a different physical mechanism than the rest of the sources in
this sample, and may possibly be comparable to Z track neutron
star sources which show a roughly similar luminosity variability
(e.g. Nikolaeva et al. 2018). Some candidate Z sources have been
identified in globular clusters such as Terzan-5 and GCs in M31
(Barnard et al. 2003; Linares et al. 2012), as well as extragalatic
globular clusters associated with NGC 3115 (although none of these
were observed to reach 1039 erg/s) (Lin et al. 2015).
In a study of globular cluster X-ray sources in NGC 3379,
Brassington et al. 2010 found a source with X-ray luminosities on
the order of 1038 erg/s which reached close to 1039 erg/s in an
observation, and was best fit with Γ = 1.85, which may also be
similar to M87-GCULX3.
3.5.7 CXOUJ123041.77+122440.16 (M87-GCULX4)
M87-GCULX4’s host cluster is z=20.41, (g-z)=1.24 and an esti-
mated cluster mass of 1.86 ×106 M . This source is one of the
hardest in the sample, with Γ= 1.37 (±0.15) kT= 1.86 (+0.56−0.38), based
on the stacked spectrum, with the fit statistics favouring the power-
law model as the best fit model. This source’s spectrum was also
affected due to the the high background near the galaxy center.
The variability in this source is interesting in the long-term, as
it was observed turning on in the first two observations, and rising to
just above 1039 erg/s for many of the early observations. The cluster
of observations shows the source clustered just below 1039 erg/s.
The lightcurves do not appear to show any short term variability.
4 CONCLUSIONS
GC ULXs comprise a very rare population, as the chance of an
individual cluster hosting a ULX is very low, indeed. Previously,
only 10 had been identified, 3 associated with NGC 1399 (one of
which “turned off" in 2003 and has not been observed above the
observation detection limit since) (Shih et al. 2010; Irwin et al.
2010; Dage et al. 2019a), two associated with NGC 4649 (Roberts
et al. 2012; Dage et al. 2019a), and five associated with NGC 4472
(Maccarone et al. 2007, 2011; Dage et al. 2019a).
A new search of M87’s bountiful GC system revealed seven
new GCULX sources, almost doubling the known sample, which is
not surprising, as the size of M87’s globular cluster system means
that the size of the cluster sample that has been searched for ULXs
has roughly doubled as well. One of these sources, SC302, is a
spectroscopically confirmed GC with a measured radial velocity
(Strader et al in prep, see also Caldwell et al. 2014), while the rest are
photometrically selected GCs from surveys by (Jordán et al. 2009;
Oldham & Auger 2016).We recommend detailed optical follow-up
on these sources in the future, as the sources studied in Dage et al.
2019a are postulated to show a correlation between the presence
of optical emission lines and the X-ray spectral behaviour of the
source. A high-resolution spectrum would not only confirm the
globular cluster nature of the host sources, but place upper limits
on any optical emission coming from the source.
Many of these newly discovered sources in M87 show striking
variability over the 16 years that they have been monitored, in some
cases showing order of magnitude variability. However, many of
these sources are also remarkably steady over the timescales probed
as well, which is similar to the sample studied in Dage et al. 2019a.
M87-GCULX2 is especially interesting, as it seems to vary strongly
between sub-Eddington and super-Eddington timescales at least on
the scale of months.
None of the sources in the M87 sample rose above 4×1039
erg/s, and the overall LX of the previously studied sample suggests
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that these sources also do not rise above 4×1039 erg/s over a total
observation, with the exception of GCU8 in NGC 1399.
Interestingly, the optical properties of the cluster (i.e. colour
and magnitude) again do not seem to show any correlation with
the X-ray temporal or spectral properties. In fact the results of this
study only serve to highlight how different the very soft sources
such as RZ2109 (NGC 4472) and GCU7 (NGC 1399), or the very
hard source GCU8 (NGC 1399) are different from the rest of the
GC ULX population.
We postulate that the accretors of these systems are most likely
black holes. While some ULXs in young, star-forming galaxies
have been identified to have neutron star primaries (e.g. Song et al.
2020), the nature of these sources cannot inform on the nature of
the accretors in the globular cluster systems due to a number of
key environmental and phenomenological differences. Namely, the
X-ray binaries in the star-forming regions of galaxies have mas-
sive, hydrogen rich donor stars (Gladstone et al. 2013), whereas
only lower mass donor stars remain in the very much older globular
cluster environment. The globular cluster binaries also face a vastly
more dynamic and complicated evolutionary history, with the more
massive cluster component likely having exchanged multiple com-
panions throughout its lifetime due to preferential mass exchange
(Spitzer 1987). Finally, the observational characteristics of the two
populations differ greatly. The ULXs with neutron star primaries
have all been observed at X-ray luminosities near 1040 erg/s (Ba-
chetti et al. 2014), whereas the GC ULXs are observed between
1-4 × 1039 erg/s. The spectra of the ULXs in star-forming regions
typically consist of a soft component added to a hard component,
or a broadened disk (Kaaret et al. 2017), yet with one exception the
sources in this study were best fit by single-component models.
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APPENDIX A: LIGHTCURVES
Lightcurves from the longest observations of L18-GCULX, J04-
GCULX, M87-GCULX1, M87-GCULX2, M87-GCULX3, and
M87-GCULX4, binned by 5ks in the 0.3-10keV band.
This paper has been typeset from a TEX/LATEX file prepared by the author.
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Figure A1. Lightcurves from L18-GCULX (left, ObsIDs 5826 and 5827) and J04-GCULX (right, ObsIDs 2707, 5826 and 5827 ), binned by 5ks.
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Figure A2. Lightcurves from M87-GCULX1 (left) and M87-GCULX2 (right) in ObsIDs 2707, 5826 and 5827, binned by 5ks.
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Figure A3. Lightcurves from M87-GCULX3 (right) M87-GCULX4 (left) in ObsIDs 2707, 5826 and 5827, binned by 5ks.
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